Transient protection is an important issue in pipeline design. As protective devices impose a huge cost on the project, it is better and more efficient to use optimization models for determination of their position and type with the aim of cost reduction. Except for the cost, the other important issue in obtaining the number and locating of protective devices is the consideration of important operational parameters during the utilization of the pipelines. This paper introduces a new objective function called 'serviceability factor' for achieving the best layout for protection devices by considering five main operational parameters. A double-objective model has been used to optimize the protective devices to obtain the minimum of cost and the most appropriate level of operational parameters. The presented model utilizes the non-dominated sorting genetic algorithm (NSGAII) simultaneously with transient analysis through the method of characteristics. A real pipeline has been optimized using this model and the results are presented in the form of Pareto optimal solutions.
INTRODUCTION
Water is one of the main elements in human communities and its transmission from resources to consumers is a very significant topic. A common and reliable method for this purpose is the use of pressurized pipelines. However, the huge implementation cost of such projects, on the one hand, and their technical sensitivities, on the other hand, intensify the necessity for optimal designing with minimum cost and maximum safety and efficiency.
Transient flow due to water hammer is one of the factors considerably affecting the cost and safety of pipelines. In pipelines with pumping stations, this mostly occurs due to sudden pump trip following a power failure.
Transients can introduce large pressure forces and rapid fluid accelerations into the system. These disturbances may result in pump and device failures, system fatigue, or pipe ruptures. Also, transients in pumping systems can lead to water column separation, which can lead to catastrophic pipeline failures. To prevent undesired effects of these pressures, the use of protective devices is necessary, including airchambers and air-inlet valves. In pumping pipelines, the airchamber can appropriately control positive and negative pressures (Stephenson ) ; however, its use imposes a considerable cost on the project. The air-inlet valve can effectively reduce negative pressure consequences (Zhuqing et al. ) and its price is less than an air-chamber. Thus, for designing a lower cost system, it is better to use air-inlet valves in the pipeline to reduce negative pressure and, consequently, decrease the number and volume of airchambers; in this way, due to the lower price of air-inlet valves, the total cost of the system would also decrease.
In this circumstance, locating air-chambers and air-inlet valves in appropriate positions could have considerable effects in reduction of the number and sizes of these protective devices and decrease the system protection cost. On the other hand, apart from the cost, the other important issue in obtaining the number, types, and locating the protective devices, is the consideration of important parameters during the utilization of pipelines.
In the last three decades, numerous studies have been performed on the transients analysis methods in water transmission and distribution systems. Karney & McInnis () analyzed the distribution systems under a wide range of flow conditions, with relatively few restrictions, using modern Some researchers have studied the effects of transient protection devices in pipelines and presented methods for the proper design of these devices. Lee & Leow () studied the effect of air-inlet valve specifications on mitigation of pressurized waves in pipelines due to sudden pump trip and showed that locating air-inlet valves in the higher points of the pipeline could have a more significant effect on controlling negative pressures. Wang et al. () studied the effects of air-chambers in controlling water hammer in pumping systems at high pressures and concluded that in these systems, the key parameter is the volume of the air-chamber.
Stephenson () presented good nomographs for estimation of required volume for the compressed air-chamber as a transient protection design and Zhuqing et al. () researched the correct orifice diameter of air-inlet valves. 
GENERAL ANALYSIS OF WATER HAMMER
The continuity and momentum equations governing transient flow in pressurized pipelines are as follows (Wylie & Streeter ):
Darcy-Weisbach friction factor and g is the gravity acceleration. The most common is the MOC. This method is fully described by Wylie & Streeter () .
It is worth noting that the analysis of transient fluid was developed based on the following assumptions: (1) the flow is one-dimensional, (2) the fluid is slightly compressible, (3) the pipe walls are linear elastic, and (4) the conduit has expansion joints throughout its length.
The friction factor for unsteady flow is also determined using Brunone formula (Brunone et al. ).
PUMP POWER FAILURE, AIR-CHAMBER, AND AIR-INLET VALVE
When a pump trips in a pipeline system because of power failure, the flow discharges and the head decreases at the (1) for air-chambers it is assumed that the air enclosed at the top of the chamber follows the polytropic relation for a perfect gas; (2) for air-combination valves it is assumed that the airflow into the pipeline is isentropic, the entrapped air remains at the valve location and is not carried away by the flowing liquid, and the expansion or contraction of the entrapped air is isothermal.
OBJECTIVE FUNCTIONS
The optimization model herein presented considers two objectives: the first objective evaluates the cost of the project and the second objective considers servicing and maintenance during utilization, which is defined as the project serviceability factor. Since the NSGAII method has been used and this algorithm acts based on the evolution of a population of solutions, it is necessary to calculate the value of objectives for each member of the population.
Here, every member is a specific protection plan with some certain protective devices in the specified locations of the pipeline.
Cost
The total cost of protective devices in each protection plan constitutes the cost function through the following equation:
where F is the cost function; C ai is the cost of ith airchamber; C vi is the cost of the ith air-inlet valve; and N a and N v are, respectively, the number of air-chambers and air-inlet valves in the pipeline. Since the cost of any device is specified based on its type, it is possible to calculate the F value having the number and specifications of the devices, for any member of the population.
Serviceability factor
In this study, serviceability factor includes parameters that influence utilization after project implementation. Locating protective devices in any point of the pipeline has its special conditions of utilization, serviceability, maintenance, and environmental effects. Thus, serviceability factor should be defined such that it indicates the value of each protection plan based on the above factors.
Thus, it is required to identify the effective indexes for these factors in this function. In this study, five indexes have been taken into account, including the distance of devices from a repair and maintenance station, the distance of devices from an access road, the distance of devices from the power source, the environmental effects of installation locations, and general security of the location of devices. Thus, the serviceability factor for each protection plan (each member of the population) could be defined as follows:
where G is the serviceability factor, G 1 is the index of distance from the service station, G 2 is the index of distance from the road, G 3 is the index of distance from the power source, G 4 is the environmental factor, and G 5 is the general security factor. In this paper, the environmental factor is an indicator that reflects the impact of pollution caused by repair and maintenance of protection devices installed along the pipeline. Also, the general security factor refers to the level of deliberate sabotage risk that threatens the pipeline.
Since any protection plan can include some devices, each of the mentioned indexes from G 1 to G 5 could be calculated from the following equation:
where G j is the average amount of jth serviceability index in a protection plan.
To calculate the G value in each protection plan, it is necessary to summarize the effect of G 1 to G 5 indexes in an objective function. To this end, MADM concepts are used to apply the effect of five indexes in G function according to their amount of significance. The considered MADM model is formulated in the form of D decision-making matrix as follows: 
where A 1 to A m are pipeline protection plans (members of optimization population), each one with specified numbers, types, and locations of protective devices, and r is the value of each index in any protective plan.
Of the five mentioned indexes, G 1 to G 3 are quantitative and measured through distance (unit of km), G 4 and G 5 are qualitative and a qualitative spectrum (from very good to very bad) has been used for their determination.
Thus, to determine function G from the five indexes, it is necessary first to change all indexes to quantitative values. To this end, the measurement of qualitative indexes was performed with bipolar scale as shown in Figure 3 .
Based on this scale, the best possible value can be measured for the index from 1 to 9. The value 5 is the breakpoint between desired and undesired condition.
After quantification of all indexes, parameter D with quantitative values is formed. Now, due to the heterogeneity of measurement scales, it is necessary to make the values dimensionless. In this study, fuzzy descalization was used (Zeleny ). Accordingly, each r ij is transformed into dimensionless value n ij using Equation (7):
where r max j and r min j are, respectively, the maximum and minimum possible values for jth indexes. Now, the dimensionless D n decision-making matrix is formed as follows: A m n m1 n m2 n m3 n m4 n m5
The next stage for determination of G values in each protection plan is to determine the weights for indexes to obtain the effect of each index in the value of the G function for each protection plan. Here, the weights of indexes on each other are assumed stable and consistent; thus, for their determination, it is possible to use mutual judgments.
This means those indexes are weighted based on an appropriate judgment on each other in pairs and the following matrix is constructed: 11 a 12 a 13 a 14 a 15  G 2 a 21 a 22 a 23 a 24 a 25  G 3 a 31 a 32 a 33 a 34 (9) where W is the weights matrix and a ij is the weight of index i with respect to index j (a ij ¼ w i =w j ); moreover:
To determine each array of matrix W, it is sufficient to determine the significance of each index with respect to other indexes with empirical judgment. For example, if the significance of index 1 is two times more than index 2, a 12 will be equal to 2 and a 21 is equal to 0.5. Now, it is possible to calculate the weight of each index through normalization of each j column of matrix W, i.e.:
At the end, the value of function G for every protection plan, in other words, for every member of the solution population, can be calculated through the following equation:
CONSTRAINTS HANDLING
In every protection plan, it is necessary to make the pressures on all points within allowable limits. In this study, the pressure constraints are added to each objective function in the form of a penalty function. Concerning minimization of the optimization model, this function is defined as follows:
where M is the penalty factor, N J is the number of computational nodes of the pipeline, P j min and P j max are, respectively, the minimum and maximum pressures at node j, P j min:all is the minimum allowable pressure at node j, i.e., a safe pressure value far enough from the water vapor pressure at that node, and P j max:all is the maximum allowable pressure at node j, which is determined according to the wall thickness of the pipe. Equation (13) Thus, objective functions are shown in the form of F 1 and F 2 in their final form for optimization:
OPTIMIZATION MODEL
In this study, two objectives are followed to determine the best combination of protective devices and their localization in the pipeline. This optimization is double-objective with the following general form:
where H is the objective space, F 1 and F 2 are objective functions, and X is decision-making vector including all decision variables.
Since the main issue of optimization is minimization, the functions must be such that their minimization is on the desired side. F 1 is related to the cost, and its minimization is desired. Also the minimum amount of F 2 , that depends on serviceability indices, is appropriate (based on what was previously mentioned; the reduction of G 1 to G 5 is desired and improves the serviceability of the system). Thus, the reduction of serviceability factor and F 2 is favorable. concerning the protective devices in each member of the population, the total cost is computed and five indexes constituting serviceability factor also obtained.
Then, using Equations (4)- (15), F 1 and F 2 values for each chromosome are calculated.
3. The population is sorted based on non-dominated sorting according to the values of functions allocated to chromosomes, such that the members in the first front are a fully non-dominated set by all other members of the population. The members of the second front are dominated just by the members of the first front, and this trend continues in this way on other fronts so that all members in each front will get a rank based on the number of the category (according to Figure 4 ). This sorting is the basis for non-dominated sorting.
4. Crowding distance controlling parameter for any member of each front can be calculated through objective functions from the following equation:
where k is the number of members, Figure 6 and the specification of the pipes and pumping station are shown in Table 1 .
In Table 1 , the maximum allowable pressure is con- To determine the weights of serviceability indexes, it is necessary to form a relative weight matrix with engineering judgment. This matrix is formed for this issue based on the regional condition and the facilities for servicing and maintenance according to Table 4 .
Using W matrix and Equation (10), for each column of W matrix, the weight of each index is calculated as follows:
The population is considered to be 200 and the mutation rate is assumed to be 0.02. A maximum number of permissible generations for implementation are also set as 1,000.
RESULTS
In various implementations, the model reaches convergence after about 600 generations. The result of this optimization is shown in Figure 8 in the form of Pareto optimal solutions.
In Table 5 , the specification and location of protection devices related to some Pareto solutions that are shown in Figure 8 are presented. Any row in Table 5 and using faster optimization models, can be useful to improve the model convergence. 
